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I n  t r  oduc t i o n  

The f irst  of the TIROS series of meteorological satel l i tes  
whose a c t i v e  l i f e t i m e  extended over t h e  peak of the  A t l a n t i c  

TIROS I11 carried a two-camera, quas i -opera t iona l  t e l e v i s i o n  
system which observed every hu r r i cane  of t h e  1961 season.  TIROS 
I11 also carried an exper imenta l  medium-resolution radiometer, 
s cann ing  t h e  earth and its atmosphere i n  f i v e  r eg ions  of t h e  

' h u r r i c a n e  season  w a s  T I N S  111. Launched on 1 2  J u l y  1961, 

e l ec t romagne t i c  spectrum which gathered data from t h e  same storms 
from an orb i ta l  h e i g h t  of about  780 km. 

The des ign  of t h e  radiometers, t h e i r  calibration, t h e  i n f o r - .  
mat ion flow, and the  data reduct ion  techniques  have been des- 
cribed previous ly[2 ,17 ,7] .  
experiment  and its synop t i c  use  p o t e n t i a l  have also been d is -  

cussed  earlier [8,6].  

s e r v e d  i n  f i v e  i n t e r v a l s  of t h e  s o l a r  and terrestrial spectrum 
I 

over  "Anna", t h e  f irst  A t l a n t i c  h u r r i c a n e  of 1961. This  des- 
. . c r i p t i o n  p resen ted  i n  t h e  color maps, Figures  1 t o  13, is based 

on a u t o m a t i c a l l y  processed data te lemetered  from t h e  TIROS I11 

The phys ica l  s i g n i f i c a n c e  of t h e  

I n  t h i s  paper ,  w e  s h a l l  describe t h e  r a d i a t i o n  p a t t e r n s  ob- 



On J u l y  12 ,  1961, t h e  TIROS I11 meteorological s a t e l l i t e  
(1961 rho 1) was launched c a r r y i n g  two t e l e v i s i o n  cameras and 
a fami ly  of r a d i a t i o n  s e n s o r s  i n  t h e  v i s i b l e  and i n f r a r e d  por- 
t i o n s  of the  spectrum. During t h e  pe r iod  J u l y  18-24, t h e  first 
h u r r i c a n e  of t h e  1961 A t l a n t i c  season,  Hurr icane Anna, w a s  
observed clearly by a f ive-channel medium r e s o l u t i o n  radiometer 
on t h e  s a t e l l i t e  as w e l l  as by t h e  t e l e v i s i o n  cameras. 
ga the red  by t h e  radiometer dur ing  t h i s  period are presented  i n  
t h e  form of maps, toge the r  w i t h  suppor t ing  t e l e v i s i o n  p i c t u r e s .  
The p o s s i b i l i t y  tx# i n f e r  s t r a t o s p h e r i c  water vapor c o n t e n t  above 
t h e  hu r r i cane  by comparing measurements from t h e  5.9-6.7 micron 
water vapor and t h e  7.5-13.5 micron window channels  is i n v e s t i -  
gated. 
can be made because of our i n s u f f i c i e n t  knowledge of t h e  t r a n s f e r  
of r a d i a t i o n  a t  low p r e s s u r e s  and i n  t h e  cloud-atmosphere i n t e r -  
face and because of i n s u f f i c i e n t  accuracy of t h e  sensors flown ' - 
i n  TIROS 111, 

Data 

We have concluded t h a t  only very  l i m i t e d  i n f e r e n c e s  

-, 
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A i r  , 
I.*?. 

s a t e l l i t e .  We s h a l l  also d i s c u s s  t h e  p o s s i b i l i t y  of i n f e r r i n g  
the  stratospheric water vapor c o n t e n t  over the  hu r r i cane  by 
comparing measurements from two d i f f e r e n t  channels .  
2. Design of t he  Experiment 

To a id  i n  unders tanding  the  r a d i a t i o n  maps shown, t h e  basic 
characteristics of t h e  radiation s e n s o r s  w i l l  be reviewed. The 
medium-resolution radiometer flown i n  TIROS I11 is p r a c t i c a l l y  
i d e n t i c a l  t o  t h e  first of its kind flown i n  TIROS 11. There 
are f i v e  channels  i n  the  radiometer, each s e n s i t i v e  t o  a d i f f e r e n t  
par t  of t h e  e l ec t romagne t i c  spectrum by the  use  of f i l t e rs  and 
other optical elements .  The nominal bandwidths of the  f i v e  
channe l s  are : 

Channel 1 5 . 9-6.7 microns,  water vapor absorp t ion  
Channel 2 7.5-13.5 microns,  atmospheric window 
Channel 3 0.2-7.0 microns,  reflected solar r a d i a t i o n  
Channel 4 7.0-32.0 microns ,  terrestrial  r a d i a t i o n  
Channel 5 0.5-0.75 microns, response of TV sys t em 

I 

-- . 

The radiometer employs a chopper which causes  each sensor, 
' c o n s i s t i n g  of a thermistor bolometer and associated optics,  t o  

view a l t e r n a t e l y ,  and a t  a rapid rate, i n  two d i r e c t i o n s  180 
degrees apart. The response of each sensor is p r o p o r t i o n a l  t o  
t h e  d i f f e r e n c e  i n  t h e  i r r a d i a t i o n  of t h e  s e n s o r  from t h e  two 
d i r e c t i o n s .  The optical  axes of t h e  s e n s o r s  are n e a r l y  parallel  
t o  one ano the r  and i n c l i n e d  to  t h e  s p i n  (TV camera) a x i s  by 45 
degrees. The s a t e l l i t e  s p i n s  a t  about  9.3 rpm, caus ing  t h e  

f i e l d  of view t o  scan  over t h e  e a r t h  and space. 
When viewing d i r e c t l y  downward from a he ight  of 780 km, t h e  

"spot" on ear th  viewed by the  radiometer has a diameter of about  
68 km. As t h e  n a d i r  angle  i n c r e a s e s ,  t h e  scan  spot becomes 
i n c r e a s i n g l y  e longated  i n  t h e  d i r e c t i o n  viewed. TIROS is s p i n  

1 
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s tab i l ized ,  and as i t  revo lves  i n  o r b i t ,  the  radiometer scan  
geometry over  t h e  e a r t h  passes through a sequence of rather 
complicated patterns. However, i n  any configuration, a t  least  
one d i r e c t i o n  of t h e  sensors must always view o u t e r  space ,  
which establishes t h e  necessary  r e fe rence  l e v e l  for. each of t h e -  
f i v e  spectral regions.  
3. Calibrat ion 

The c a l i b r a t i o n  of t h e  three i n f r a r e d  s e n s o r s  E181 is carried 
out by s i m u l a t i n g  t h e  o u t e r  space r e f e r e n c e  and t h e  earth s igna l  
for  each viewing d i r e c t i o n  r e s p e c t i v e l y  i n  t h e  l a b o r a t o r y .  The 
f i e l d  of view of the radiometer i n  one d i r e c t i o n  is f i l l e d  by a 
blackbody t a r g e t  a t  l i q u i d  n i t rogen  temperature  ( 8 0 % ) ,  which is 
e s s e n t i a l l y  e q u i v a l e n t  t o  t h e  space r e fe rence ,  whi le  the f i e l d  
of view i n  the  other d i r e c t i o n  i s  f i l l e d  w i t h  a blackbody target 
whose temperature  is varied over the range expec ted  when viewing 
t h e  ear th  and its almosphere. Thus, t h e  r a d i a n t  emi t t ances  
measured by the sa te l l i t e  and shown on t h e  maps for these three 
channels  are expressed  i n  terms of an "equivalent  temperature",  

TBB, 
would cause  the  same response from t h e  radiometer. 

of each senso r  is merely masked w i t h  blackn!tape t o  s i m u l a t e  
space.  To s imula t e  reflected solar r a d i a t i o n  from t h e  earth 
and its atmosphere, a w h i t e  d i f f u s e  reflector of known s p e c t r a l  
r e f l e c t i v i t y  is i l lumina ted  a t  normal inc idence  by % s t a n d a r d  
lamp of known s p e c t r a l  i n t e n s i t y  a t  a measured distance away, ' '  

t h u s  de te rmining  t h e  spectral r a d i a n t  emi t tance  from the  re- 
f lector .  With t h e  i l luminated reflector f i l l i n g  t h e  f i e l d  of 
view, t h e  ou tpu t  s i g n a l  from each senso r  is measured. The 

- -  

i n  degrees K of a blackbody f i l l i n g  t h e  f i e l d  of view which 

I n  t h e  c a l i b r a t i o n  for solar r a d i a t i o n  EM], one d i r e c t i o n  

i 



s p e c t r a l  r a d i a n t  emi t tance  from the  reflector is i n t e g r a t e d  
over  the  spectral  response curves  of each senso r  t o  y i e l d  
t h a t  p o r t i o n  of t h e  r a d i a t i o n  viewed t o  which each s e n s o r  
responds. The r e s u l t  Of such i n t e g r a t i o n  is t h e  "effective 
r a d i a n t  emittance",  w. 
solar r a d i a t i o n  are expressed i n  t e r m s  of t h a t  p o r t i o n  of the  

r a d i a n t  emi t tance ,  i n  w a t t s  per square  meter, t o  which  each 
s e n s o r  responds.  I t  is  s t i p u l a t e d  t h a t  t h e  r a d i a t i o n  o r i g i n a t e s  
from a d i f f u s e  target completely f i l l i n g  t h e  f i e l d  of viewcof 
t h e  senso r .  I n  order to  i n t e r p r e t  these measurements i n  terms 
of reflectance of insolation (or loosely "albedo"), one must 
know t h e  e f f e c t i v e  r a d i a n t  emit tance,  W*, which would be 
measured by each senso r  i f  t he  f i e l d  of view were f i l l e d  by a 
d i f f u s e  ref lector  of u n i t  r e f l e c t i v i t y  when i l l u m i n a t e d  by one 
solar c o n s t a n t  a t  normal incidence.  The v a l u e s  of w* for  
channels  3 and 5 have been c a l c u l a t e d  t o  be, r e s p e c t i v e l y ,  
763.8 watts m-2 and 108.6 mm2 w a t t s .  
4. Cons t ruc t ion  of t h e  Maps 

data p rocess ing  techniques, w i t h  the  except ion  of the  shad ing  - 

between con tour s  which was done manually t o  enhance t h e  d i s p l a y .  
F igure  2 b  w a s  s p e c i a l l y  produced a t  a scale twice as large as 
i n  the  o t h e r  maps, and t h e  isotherms were hand-traced and 
labeled t o  increase r e s o l u t i o n  i n  d i s p l a y i n g  t h e  data. 

program selected a l l  data having a senso r  n a d i r  angle  of 58 
degrees or less  d u r i n g  the  t i m e  period 1545 GMT t o  1602 GMT, 
2 1  J u l y  1961, averaged a l l  data p o i n t s  f a l l i n g  w i t h i n  a 
Mercator P r o j e c t i o n  gr id  element w i t h  a mesh i n t e r v a l  of 2.5 
degrees  of l ong i tude  (about 278 km squa re  a t  t h e  equa to r ) ,  and 

4 

Thus the measurements of reflected 

--- 
The maps shown i n  F igu res  1-13 were produced by automatic  

I n  producing the  maps i n  Figure6 1-5 (except  2b) , a computer 



. 

p r i n t e d  t h e  average va lue  for each gr id  element a t  t h e  approp- 
Figure 2b w a s  produced i n  t he  same 

way, excep t  t h a t  data from 1545 GMT t o  1557 GMT were used and 
t h e  mesh i n t e r v a l  w a s  1.25 degrees of l o n g i t u d e ,  t h u s  i n c r e a s i n g  
t h e  area r e s o l u t i o n  by a factor of fou r .  I n  F igu res  1-13, t h e  
computer produced con tour s  were shaded manually t o  enhance t h e  

. c o n t r a s t  i n  t h e  p r e s e n t a t i o n .  The sub-satel l i te  track is shown 
w i t h  s u b - s a t e l l i t e  p o i n t s  i n d i c a t e d  for  each  minute of t i m e .  
Tha t  t h e  camera p r i n c i p a l  p o i n t t r a c k  l a y  southwest  of the sub- 
s a t e l l i t e  track is evidenced by t h e  displacement  of the  data 
center of mass w i t h  r e s p e c t  t o  the s u b - s a t e l l i t e  track. The 
minimum s p i n  ( t e l e v i s i o n  camera) a x i s  n a d i r  ang le  w a s  16.0 

' r i a t e  location on t h e  map. 

degrees and occurred  a t  1558:30 GMT. 
The "composite" maps i n  F igures  6-13 were produced for t h e  

i n d i c a t e d  t i m e  periods from two or three consecu t ive  orb i t s  i n  
t h e  same fash ion  as t h e  maps i n  F igures  1-5 described above, b u t  
w i  t h a l i m i t i n g  n a d i r  angle of 56O. The 56 degree n a d i r  angle  
t h re sho ld  w a s  chosen a f te r  some experimentat ion t o  provide per- 

. fec t  c o n t i a g u i t y  between a d j a c e n t  o rb i t s .  O n l y  data from the  
atmospheric  window and the  narrow band solar channel  are shown 
i n  t h e  composite maps. The data from each o r b i t a l  pass run from 
t h e  northwest  t o  t h e  s o u t h e a s t  (cf. F i g u r e s  1-5) w i t h  t h e  h ighe r  
numbered o rb i t s  p o s i t i o n e d  i n c r e a s i n g l y  westward due t o  t h e  ear th 's  
r o t a t i o n .  The l a t i t u d i n a l  gaps near 10°S i n  t h e  data of 
F i g u r e s  6-11 r e s u l t  from t h e  i n a b i l i t y  of t h e  automatic  data 
p r o c e s s i n g  system t o  cope i n  t h i s  case w i t h  a p a r t i c u l a r  scanning  
mode called t h e  "closed mode". The "closed mode" occurs  whenever 
t h e  s p i n  a x i s  n a d i r  ang le  is less 
greater than its a n t i p o d a l  va lue ,  163.0 degrees), under which 

than about  17.0 degrees  (or 

c o n d i t i o n s  the  radiometer s e n s o r s  never  s can  across t h e  horizon 
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b u t  s can  cont inuous ly  t h e  ear th  throughout a complete r o t a t i o n  
of t h e  s a t e l l i t e .  I n  contrast  t o  t h e  "open mode" where t h e  

radiometer s e n s o r s  scan t h e  earth from horizon to  horizon for  
a portion of each rotation of t he  s a t e l l i t e  such t h a t  there 
are two hor izon  p u l s e s  a v a i l a b l e  for  s p i n  synchron iza t ion  i n  
every  scan ,  i n  the  %lased mode" the  s p i n  coord ina te  must be 
e x t r a p o l a t e d  by the computer for a period of about t e n  minutes .  
Th i s  e x t r a p o l a t i o n  is  extremely s e n s i t i v e  t o  error propagat ion ,  
and, consequent ly ,  i n  many o rb i t s  i t  is observed t h a t  closed 
mode data spots are mislocated on earth due t o  accrued s p i n  

. coordinate errors. While t h e s e  mislocation errors of t h e  o r d e r  
of s e v e r a l  hundred m i l e s  would gene ra l ly  be n e g l i g i b l e  i n  large . 
scale a n a l y s e s  (e.g. t h e  p l ane ta ry  heat ba l ance ) ,  they  cause  
"smearing" of t h e  images of such observed f e a t u r e s  as t h e  c loud  
s y s t e m s  associated w i t h  i n d i v i d u a l  storms. For t h i s  reason ,  
t he  closed mode data were e l imina ted  i n  F igures  6-11. I n  
F i g u r e s  12 and 13 there a r e ' n o  l a t i t u d i n a l  gaps because by 24 
J u l y  1961 the s a t e l l i t e  s p i n  v e c t o r  had turned o u t  of t h e  
o r b i t a l  p l ane  by 21.5 degrees and, hence, there were no closed 
mode data. I n  F i g u r e s  1-5, a small amount of closed mode data 
is  inc luded  s o u t h  of t h e  equator .  However, i t  w a s  determined by 
a separate manual a n a l y s i s  t h a t  t he  closed mode data i n  t h i s  case 
d i d  n o t  appreciably affect  any of t h e  p a t t e r n  images and hence 
t h e  data were l e f t  i n t a c t .  

F i g u r e s  1-13 inc lude  examples of a l l  o r b i t s  where cloud 
* 

sys tems associated w i t h  Hurricane Anna can be c lear ly  i d e n t i f i e d .  
Unfor tuna te ly ,  s'ome data of i n t e r e s t  were e i t h e r  no t  a v a i l a b l e  
e.&., o rb i t  88 on 18 J u l y  (cf. F igures  6 and 7 )  and a l l  o rb i t s  
on 22 and 23 J u l y .  
e lement  varies from 1 along t h e  southwestern edge to more than 

The popula t ion  of measurements w i t h i n  a gr id  
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60 (or about one-fourth of t h i s  number for  F igu re  2b) a long  
t h e  n o r t h e a s t e r n  edge of an o r b i t a l  area. Th i s  large v a r i a n c e  
r e s u l t s  from the  complicated geometry of t h e  scan.  

After  t h e  computer averages t h e  i n d i v i d u a l  measurements 
w i t h i n  each gr id  element,  i t  contours  t h e  gr id  p o i n t  averages  
w i t h  f i l l e r  numbers, and p r i n t s  t h e  maps on a high  speed p r i n t e r .  
Replac ing  t h e  f i l l e r  numbers by manually shading  between con- 
t o u r  i n t e r v a l s  (or t r a c i n g  t h e  i so therms i n  F igure  2b) produced 
the  maps shown i n  F i g u r e s  1-13. The data i n  these figures are 
also a v a i l a b l e  i n  unanalyzed g r i d  p r i n t  form a t  a h igher  re- 
s o l u t i o n  [19]. Two limitations of the  map form of d a t a  d i s p l a y  , 

are re-emphasized, v i z . ,  (1) t h e  d i r e c t i o n  from which a measure- 
ment is made ( i .e , ,  nad i r  or z e n i t h  and azimuth a n g l e s ) ,  and 
(2) t h e  number of i n d i v i d u a l  measurements making up each gr id  
p o i n t  average (or t h e  amount of d a t a  smoothing) are n o t  r e a d i l y  
apparent. These l i m i t a t i o n s  must be kept i n  mind when a t t e m p t i n g  
t o  i n t e r p r e t  such maps. 
5. Discuss ion  of t h e  Maps 

- . 

--- 
Hurricane Anna moved from a p o i n t  j u s t  n o r t h  of Venezuela to 

. t h e  coast of B r i t i s h  Honduras du r ing  t h e  period 20-24 J u l y  1961. 
A t  1550 GMT on J u l y  21, Anna w a s  centered a t  l a t i t u d e  1 3 . 8 O N ,  
l o n g i t u d e  72.3%, and w a s  s t i l l  growing i n  i n t e n s i t y .  
of TIROS III’passed almost d i r e c t l y  over  t h e  hu r r i cane  a t  t h a t  
t i m e ,  and t h e  a t t i t u d e  of t h e  s a t e l l i t e  w a s  such t h a t  a l l  
radiometer measurements over  Anna were made under senso r  n a d i r  

O r b i t  132 ’ 

a n g l e s  of less  than  15 degrees. F igu res  1-5 show t h e  stark 
rel ief  i n  which t h e  hu r r i cane  s tands o u t  from its surroundings . 

i n  a l l  f i v e  spectral regions. For comparison, i n  F igu res  14-15 
two t e l e v i s i o n  p i c t u r e s  taken by TIROS I11 a t  about t h e  same 
t i m e  t h e  r a d i a t i o n  data were acqui red  show Anna, t h e  e x t e n s i v e  

. 
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c l o u d i n e s s  j u s t  t o  t h e  sou th  of i t ,  and t h e  scattered-to-clear 
r eg ions  over  e q u a t o r i a l  South America. 

G u a j i r a  Pen insu la ,  w i t h  t h e  Colombian c o a s t l i n e  running l a t e r a l l y  
t o  t h e  w e s t  and j o i n i n g  Panama. Lake  Maracaibo is  cradled i n  the 
upper right-hand quadrant  of t h e  c e n t r a l  f i d u c i a l  cross. A 

second e x t e n s i v e  c loud  system is seen s o u t h  of Anna over  
V,enezuela. The tempera tures  shown i n  F i g u r e s  2 and 4 c l e a r l y  
o u t l i n e  t h i s  second s y s t e m  and i n d i c a t e  t h a t  i.ts mean top is a t  
a lesser he igh t  than t h e  hur r icane .  A l s o ,  t he  inc reased  t e m -  
p e r a t u r e s  on these maps over  the region s t r e t c h i n g  from Venezuela 
t o  Peru i n d i c a t e  t h a t  t h e  band of c louds  shown for t h i s  r eg ion  on 
t h e  reflected solar r a d i a t i o n  maps (F igures  3 and 5 )  is a t  a 
still  lower he igh t ,  or is th inne r ,  or both. 

F igu re  14 shows Anna cen te red  about  70 m i l e s  n o r t h  of the 

The h u r r i c a n e  s t a n d s  o u t  c l e a r l y  i n  both solar r a d i a t i o n  
channels .  The observed upper l i m i t s  for  gr id  element averages  
for  w over  t h e  h u r r i c a n e  are 240 watts/meter2 and 40 watts/meter2, 
r e s p e c t i v e l y ,  for  channels  3 and 5.  The s u b s o l a r  p o i n t  a t  1550 
GMT w a s  l a t i t u d e  2 0 . 4 O N ,  longi tude  5 5 . 9 9 ,  some 18 degrees from 
t h e  storm c e n t e r .  Taking t h e  solar r a d i a t i o n  i n c i d e n t  upon 

- the  h u r r i c z k e  as W* cos 1 8 O ,  the r e f l e c t a n c e  of s u n l i g h t  i n  t h e -  

d i r e c t i o n  of t h e  s a t e l l i t e  may be determined by a simple r a t io .  
. However, there is evidence t h a t  between t h e  t i m e  of the  o r i g i n a l  

c a l i b r a t i o n  and launch  day,  t h e  response of channel  3 degraded 
' . r  t o  about  0.75 of its calibrated l e v e l  and t h a t  between launch 

day and orb i t  132 i t  degraded still f u r t h e r  t o  about  0.69 of its 
. calibrated l e v e l .  On t h e  o the r  hand, a l though no pre-launch 

degrada t ion  w a s  observed i n  channel  5 ,  an apprec iab le  post- 
l aunch  degrada t ion  was observed amounting t o  about  0.85 O f  i ts  
calibrated l eve l  by o r b i t  132. 

-. . 

.. 

"he r easons  for these degrada t ions  
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are n o t  y e t  f u l l y  understood. Since there is no s a t i s f a c t o r y  
on-board c a l i b r a t i o n  of t he  TIROS radiometer, the pos t-launch 
degrada t ion  estimates have been ,based  upon a s t a t i s t i ca l  
t r ea tmen t  of large q u a n t i t i e s  of data u s i n g  t h e  earth i t s e l f  

- -  - as a c a l i b r a t i o n  target. Therefore ,  i n c o r p o r a t i n g  t h e  above 
t c o r r e c t i o n  factors, t h e  upper l i m i t s  of t h e  r e f l e c t a n c e ,  r, 

over  the  h u r r i c a n e  shown on the  maps become 

- -  - 47.9% 240 Channel 3: r = 
763.8(cos 180) 0.69 

.-- I. - 45.7% (2) 
' 40 Channel 5 :  r = 

108.6(cos 1 8 O )  0.85 

I n  i n t e r p r e t i n g  these v a l u e s ,  one should remember t h a t  they 
are averages  of a large number of "spots", smoothed over  thou- 
sands  of squa re  kilometers, and t h a t  the  r e f l e c t a n c e s  of t h e  
i n d i v i d u a l  spots  are both h ighe r  and lower than  t h e  g r id  p o i n t  
averages. For  example, t h e  maximum r e f l e c t a n c e s  c a l c u l a t e d  
from i n d i v i d u a l  spots over  the hu r r i cane  ( i n c l u d i n g  t h e  deg rada t ion  
c o r r e c t i o n s )  were 73% and 69%, r e s p e c t i v e l y ,  fo r  channels  three - 

and f ive .  
The p a t t e r n s  i n  t he  maps for both solar r a d i a t i o n  channels  

are v e r y  similar. The large cloud system sou th  of t h e  hu r r i cane  
over  Venezuela and t h e  band of c loud iness  s t r e t c h i n g  from i t  
southwes t  across Colombia i n t o  Northern Peru s t a n d  o u t  c l e a r l y ' .  . 

i n  F i g u r e s  3 and 5 ,  and can be i d e n t i f i e d  i n  t h e  t e l e v i s i o n  
p i c t u r e s  i n  F i g u r e s  14 and 15. The high r e f l e c t a n c e  r eg ion  
around 22OS and 63% i n f e r  the  presence of c l o u d s ,  b u t  t h e  
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r e l a t i v e l y  h i g h  tempera tures  measured by channel  2 i n d i c a t e  / t h a t  t h e  c loud tops were n o t  very high.  The broad band of 
/ high  channel  2 temperatures  running from t h e  Amazon b a s i n  

I 

I 
I I i I 
I 

\ 

- -  

across Brazi l  t o  the  A t l a n t i c  Ocean compares w e l l  w i t h  t h e  

l o w  va lue  measured for  reflected solar r a d i a t i o n ,  i n f e r r i n g  
the absence of c l o u d i n e s s  and i n d i c a t i n g  t h a t  t h e  r a d i a t i o n  
sensed  i n  t h e  window c hannel emanated n e a r  t h e  su r face .  The 
channel  4 and channel  1 maps a l s o  show a similar p a t t e r n ,  and 
t h e  photograph i n  F igu re  15 confirms t h e  scattered-to-clear 
c o n d i t i o n  over t h e  Amazon reg ion  of Brazil. 

I n  F igu re  2y v a l u e s  of TBB below 240% are shown f o r  t h e  

r eg ion  n o r t h  of l a t i t u d e  300N off F l o r i d a  f o r  channe l  2. Wide- 

spread cumulonimbus c louds  w i t h  a n v i l  tops were reported i n  
t h i s  r eg ion  a t  t h e  t i m e ,  and undoubtedly c o n t r i b u t e d  t o  t h e  l o w  
temperaturea observed. Hawever, a compl ica t ion  i n  i n t e r p r e t i n g  
measurements i n  t h i s  reg ion  is t h a t  t h e y  were a l l  made under 
n a d i r  a n g l e s  of n e a r l y  5 8 O .  

top of t h e  atmosphere were about 72O, meaning t h a t  t h e  radio- 
meter was viewing a long  a pa th  of more than three atmospheres, 
Under these c o n d i t i o n s ,  appreciable l i m b  darkening  p l u s  t h e  

p o s s i b i l i t y  of space  beyond the horizon be ing  conta ined  i n  the  
f i e l d  of view might  c o n t r i b u t e  t o  t h e  observed l o w  temperatures 
i n  add i t ion  t o  high c loudiness .  

On 17 J u l y  1961, T I N S  I11 photographs ind ica ted  a concen- 
t r a t i o n  of c l o u d i n e s s  near  1 2 O N ,  43%, and Navy reconnaissance 
noted  an e x t e n s i v e  area of s t r o n g  radar echoes w e l l  to  the  

east of t h e  Windward I s l a n d s .  F igu res  6-13 i n  conjunct ion  w i t h  
F i g u r e s  1-5 i l l u s t r a t e  the a b i l i t y  of both i n f r a r e d  and re- 
f lected solar r a d i a t i o n  measurements t o  locate and track storm 
eystems. For comparison, Table I lists approximate l o c a t i o n s  

The comparable z e n i t h  ang le s  a t  the  



of t h e  storm as de r ived  from convent iona l  d a t a  [l] and from 
Figures 1-13. It can be seen  t h a t  t h e  locations de r ived  from 
t h e  satel l i te  r a d i a t i o n  data complement w e l l  t h e  conven t iona l ly  
determined storm posit ions.  F igu res  6 and 7 locate t h e  i n c i p i e n t  
storm a t  about  12.OoN, 49.0OW a t  1600 GMT on 18 Ju ly .  

TABLE 1 

Locations of Hurricane Anna Derived from 
Conventional Data Compared w i t h  

Loca t ions  Derived from Radia t ion  Data 

Date (1961) 

18 J u l y  
19 J u l y  
20 J u l y  
20 J u l y  
20 J u l y  
2 1  J u l y  
2 1  J u l y  
2 1  J u l y  
22 J u l y  
22 J u l y  
23  J u l y  
23  J u l y  
24 J u l y  
24 J u l y  
24 J u l y  

1600 (Fig. 6, 7) 
1520 (Fig.  8, 9) 
0000 

1200 
1440-1645 (Fig.  10, 11) 

0000 

1200 
1550 ( F i g s  1-5) 

0000 

1200 
0000 

1200 
0000 

1200 
1541 (Fig. 12 ,  13) 

12.0 
11.0 
11.5 
11.9 
11.5 
13.0 
13.4 
13.8 
13.7 
14.5 
15.2 
15.8 
16.1 
16.6 
17.5 

49.0 
58.0 
60.2 

63.8 
65.5 
67.6 
71.5 
72.3 
74.8 
78.2 
81.4 
84.3 
86.7 
88.3 
89.0 

* 

F i g u r e s  8 and 9 l o c a t e  t h e  storm a t  about l l . O O N ,  58.0- a t  1520 
GMT on 19 Ju ly .  I n  F igu res  10 and 11, t h e  storm w a s  observed by 
bo th  o rb i t s  117 and 118 n e a r  t h e  southwestern and n o r t h e a s t e r n  
edges  r e s p e c t i v e l y  of t h e i r  d a t a  areas. The image of t h e  storm 
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r e s u l t i n g  from a composite of data i n  t h e  ove r l ap  reg ion  of 
t h e  two o r b i t s  is appa ren t ly  dis tor ted n e a r  1 1 . 5 O N ,  65.5-, 
due t o  t h e  storm's motion between about  1440 GMT and 1625 GMT 
on 20 J u l y .  
about  t h i s  t i m e .  F igu res  1-5 locate t h e  hu r r i cane  a t  1 3 . 8 0 N ,  
72.3% a t  1550 on 21  J u l y .  There were no r e d u c i b l e  data on 
22 or 23 J u l y ,  bu t  F igu res  1 2  and 13 locate t h e  d i s s i p a t i n g  
storm a t  about  1 7 . 5 O N ,  89.00W over B r i t i s h  Honduras a t  1 5 4 T  GMT 
on 24 J u l y .  

The composite maps of both channels  o u t l i n e  the  J u l y  I n t e r -  
t r o p i c a l  Convergence Zone nea r  10°N and g i v e  evidence of a clear 
w i n t e r  s u b t r o p i c a l  zone i n  t h e  southern  hemisphere, a l though 
from t h i s  aspect, i t  is e s p e c i a l l y  un fo r tuna te  t h a t  t h e  closed 
mode data are missing.  

remarkable c h a r a c t e r i s t i c .  There are v a s t  r eg ions  where t h e  
reflectances measured by the  radiometer are uniformly l o w ,  
y i e l d i n g  v a l u e s  of less  than 10% c a l c u l a t e d  as i n  equa t ions  (1) 
and (2).  I n  fact ,  t h e  average r e f l e c t a n c e  v a l u e s  of a l l  maps, 
even a f te r  apply ing  our estimated c o r r e c t i o n s  for  i n s t r u m e n t a l  
degradation, f a l l s  i n  t h e  r eg ion  15% t o  20%, or about half  of 
the  g e n e r a l l y  accepted  albedo of t h e  earth. O f  course ,  such  
a small sample over  a l i m i t e d  region of t h e  globe does n o t  
pe rmi t  t h e  drawing of gene ra l  conclus ions  regarding t h e  plane- 

' t a r y  albedo, bu t  t he  i n f e r e n c e s  set  fo r th  a clear chal3enge 
for  conce r t ed  work i n  t h i s  area, u t i l i z i n g  p r e s e n t  and f u t u r e  - 
sa t e l l i t e  r a d i a t i o n  data. 
6 .  Discuss ion  of Possible In fe rences  from Coordinated 

The winds i n  t h e  storm reached hur r i cane  v e l o c i t i e s  

A l l  of t h e  reflected solar  r a d i a t i o n  maps e x h i b i t  a rather 

a .  

- - 
Measurements from Channels 1 and 2 
I t  is to  be expected t h a t  an  a n a l y s i s  o f ' c o o r d i n a t e d  measure- 

--- - 
ments  by two (or more) channels  should y i e l d  information n o t  

I' 
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obtainable from any s i n g l e  channel.  One a p p l i c a t i o n  of t h i s  

type arises from coord ina ted  obse rva t ions  i n  t h e  water vapor 
absorption channel  1 and t h e  window channel  2. Mb'ller has  
proposed a method for  e s t i m a t i n g  the  re la t ive humidity of t h e  
upper t roposphere and t h e  temperature of t h e  ground or of t h e  
c l o u d s  fmucomparisons of measurements made by these two 

channe l s  [15]. I n  a p rev ious  paper [3], three of u s  sugges ted  
t h a t  t he  water vapor c o n t e n t  of t h e  stratosphere over a large 
storm whose cloud tops ex tend  t o  the  v i c i n i t y  of t h e  t ropopause 
cou ld  be i n f e r r e d  from coordina ted  channel  1 and channel  2 

measurements. The attempted application of t h i s  hypo thes i s  t o  
Hurr icane Anna has po in ted  up s e v e r a l  factors  which seem t o  
p rec lude  a s u c c e s s f u l  t e s t  of t h e  method a t  t h i s  t i m e .  We s h a l l  
d i s c u s s  these factors together w i t h  a br ie f  review of t h e  
o r i g i n a l  concept  below. 

Each i n f r a r e d  channel  "sees" many d i f f e r e n t  layers  i n  t h e  
atmosphere. The c o n t r i b u t i o n  of each atmospheric l a y e r  t o  t h e  - 

i n t e g r a t e d  response of a p a r t i c u l a r  channel  depends upon t h e  

ver t ica l  d i s t r i b u t i o n s  of temperature ,  p r e s s u r e ,  and the  v a r i o u s  
i n f r a r e d  absorbers (p r imar i ly  H20,  COz, and 03) , and upon t h e  
p o s i t i o n s  and s t r e n g t h s  of t h e  va r ious  absorption bands w i t h  
respect t o  the  spectral  response curve of t h e  p a r t i c u l a r  channel .  
Because of s t r o n g  abso rp t ion  of water vapor i n  t h e  6.3 micron 
band, g e n e r a l l y  ( i n  t h e  absence df clouds)  a broad reg ion  
throughout  t h e  middle and upper troposphere predominates i n  con- 

- -  t r i b u t i n g  t o  the  response of channel  1, w i t h  l i t t l e  or no 
c o n t r i b u t i o n  from t h e  s u r f a c e  of the earth. / 

Because of only weak absorp t ion  by ozone and water vapor  
i n  the  atmospheric window. r a d i a t i o n  from t h e  s u r f a c e  of t h e  
earth or from c louds  predominates i n  t h e ' r e s p o n s e  of channel  2 ,  
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w i t h  small c o n t r i b u t i o n s  from t h e  atmosphere. Because channel  4 
i n c l u d e s  the  window as w e l l  as s t r o n g  water vapor and carbon 
d iox ide  abso rp t ion  bands, i t  r e c e i v e s  impor tan t  c o n t r i b u t i o n s  
from both earth and atmosphere. The air  temperature  g e n e r a l l y  
decreases w i t h  h e i g h t  i n  t h e  t roposphere where a preponderance 
of t h e  impor tan t  absorbers is found; hence, i t  follows t h a t  

u s u a l l y  t h e  e q u i v a l e n t  blackbody temperatures ,  TBB, measured by 
channel  1 should be lowest, t h o s e  measured by channel  2 h i g h e s t ,  
and those measured by channel  4 somewhere between t h e  first two. 

This  p a t t e r n  g e n e r a l l y  p r e v a i l s  throughout F igu res  1, 2 ,  and 4 

w i t h  channel  1 tempera tures  20° t o  40% lower and channel  4 . _  

t empera tures  loo t o  20% lower than t h e  channel  2 v a l u e s  of TBB. 
The one except ion  t o  t h i s  p a t t e r n  is over t h e  hu r r i cane ,  where 
the  TBB v a l u e s  for a l l  channels  are i n d i c a t e d  as 220°-230%. 

If w e  d e f i n e  a .  f i c t i t i o u s  l e v e l ,  called the  " e f f e c t i v e  
h e i g h t  of r a d i a t i o n " ,  as t h e  h e i g h t  a t  which the  TBB measured 
by t h e  s a t e l l i t e  corresponds to  t h e  real  atmospheric temperature ,  
i t  fo l lows  from t h e  previous  paragraph t h a t  t h e  e f f e c t i v e  h e i g h t  
of r a d i a t i o n  from channel  1 should be h i g h e s t  and t h a t  fo r  
channel  2 lowest, w i t h  t h e  channel  4 h e i g h t  f a l l i n g  i n  between. 
F r i t z  and Winston [6] have shown tha t  the e f f e c t i v e  he igh t  of 
r a d i a t i o n  for  t h e  window channel  of TIROS I1 a f f o r d s  a good 
estimate of the h e i g h t s  of t h e  tops  of large-scale overcast 
c louds ,  a l though c i r r u s  are n o t  c lear ly  de f ined  because they are ' 

p a r t i a l l y  t r a n s p a r e n t  . 
From radiosonde data taken near t h e  hu r r i cane ,  t h e  ambient 

a i r  temperature  ranged from 230° to  22o0K i n  t h e  h e i g h t  i n t e r v a l  
from about  11,000 to  12,100 meters ,  i n f e r r i n g  t h a t  t h e  smoothed 
mean he ight  of the hu r r i cane  clouds as mapped in Figure 2 l a y  
w i t h i n  t h i s  l a y e r .  However, t h e  smoothing conta ined  i n  t he  
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g r id  p o i n t  averages and t h e  10% contour  i n t e r v a l s  used i n  
t h e  maps obscure much of t h e  f i n e  s t r u c t u r e  which is possible 
w i t h i n  t h e  5 degree ins t an taneous  f i e l d  of view of t h e  
in s t rumen t .  

For  example, a computer l i s t i n g  of t h e  i n d i v i d u a l  data 
p o i n t s  making up t h e  maps revealed several i n d i v i d u a l  s p o t s  
(remembering t h a t  a s p o t  diameter on .earth is about  68 km) over  
t h e  h u r r i c a n e ,  where there w a s  a dramatic reversal of t h e  u s u a l  
order of TBB measurements from the  i n f r a r e d  channels  c o i n c i d e n t  
w i t h  t h e  minimum observed channel  2 temperatures .  Three of 
t h e s e  s p o t s ,  each from a d i f f e r e n t  swath,  y i e l d e d  t h e  fo l lowing  
values  of TBB (cf. Reference 7 ,  pp. 291-292): 

TABLE 1 
Reversal of t h e  Usual Order of I n f r a r e d  Channel 
Equivalent Blackbody Temperatures i n  Three Spots  

Over Hurricane Anna 

(Uncorrected) T~~ ?e- %F -%+ 
Channel 1 (5.9-6.7 microns) 229.6 232 . 0 231 . 5 
Channel 4 (7.0-32.0 microns)  223 . 9 217.0 217.0 

211.9 Channel 2 (7  . 5-13 . 5 microns) 208.4 213 . 3 
ATBB = (Chan.1 T ~ ~ - C h a n . 2  TBB) = +21 . 2% +18.7% +19 . 6% 

- 

Even more dramatic are t h e  analog traces of t h e  raw data as 
they  were telemetered t o  t h e  ground from t h e  sa te l l i t e .  I n  
F i g u r e  16 t h e  ana log  traces from channel  1 and channel  2 du r ing  
one swath over  t h e  hu r r i cane  are superimposed. The m i n i m u m  
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channel  2 TBB = 197OK (uncorrected)  is t h e  lowest measurement 
recorded over t h e  h u r r i c a n e ,  r e s u l t i n g  i n  a d i f f e r e n c e ,  ATBB, 
between t h e  e q u i v a l e n t  blackbody temperatures  of channel  1 and 
channel  2 of 223.5-197.0 = 26.5% (uncorrec ted) .  Normally, i n  
processing t h e  data by a computer, a sample is taken every 
0.1309 seconds.  F igu re  16 i l l u s t r a t e s  how t h e  s h a r p  d i p s  and 
peaks can be missed i n  t h e  normal computer p rocess ing  i f  t hey  
f a l l  between samples, e.g., t he  lowest channel  2 TBB appea r ing  
i n  t h e  computer l i s t i n g  is 208.4% (c f .  Table 1 and F igure  17). 
(Actual ly  t h e  channel  2 signal i n  F igu re  16 dropped so low t h a t  
t h e  l o g i c  of t h e  computer program f a i l e d ,  and, i n  t h i s  swath 
only ,  t h e  d a t a  over t h e  h u r r i c a n e  were r e j e c t e d  i n  t h e  auto- 
matic processing.)  

12002 radiosonde runs  made a t  Jamaica, Tr in idad ,  and Swan I s l a n d ,  
were about  199.5% and 16,000 meters  r e s p e c t i v e l y .  I f  one assumes 
t h a t  t he  c louds  r a d i a t e d  as blackbodies  w i t h  t h e i r  t o p s  a t  a 
l e v e l  where t h e  a i r  temperature was approximately equal  t o  t h e  
channel  2 TBB measurements, one concludes t h a t  t h e  c loud  t o p  
l a y  near t h e  tropopause [3]. I t  was also suggested [3] t h a t  t h e  
much h i g h e r  accompanying c h a n n e l  1 TBB measurements (corresponding 
t o  a h ighe r  e f fec t ive  r a d i a t i n g  he ight )  r e s u l t e d  from a com- 
b ina t ion  of t h e  u s u a l l y  s t r o n g  temperature i n v e r s i o n  above t h e  
t r o p i c a l  tropopause and a very  moist  S t r a t o s p h e r e  . 
t h e  d i r e c t i o n  of t h e  sa te l l i t e  to  which a given radiometer  channel  
responds,  'TJ, may be c a l c u l a t e d  from t h e  equat ion of r a d i a t i v e  
transfer 

The temperature  and h e i g h t  of t h e  tropopause averaged from 

The r ad iance  emerging from t h e  top of t h e  atmosphere and i n  
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where BA = Plank f u n c t i o n  
T = Temperature 
$A, = S p e c t r a l  response of t h e  i n f r a r e d  senso r  
TA, = S p e c t r a l  beam t r a n s m i s s i v i t y  i n  t h e  d i rec t ion  of  t h e  

s a t e l l i t e  
h = Wavelength 
u* = Reduced path l e n g t h  of t h e  op t ica l ly  active gas 

S u b s c r i p t  "oft' = Sur face  of c louds  or of t h e  ground, assumed t o  
radiate as a blackbody a t  ambient temperature  
w i t h i n  t h e  spectral  region of i n t e r e s t  

I n  ou r  c a l c u l a t i o n s  t r a n s m i s s i v i t i e s  TA'TA (L u*) given 
I by Elsasser 1113 were used where L is  t h e  gene ra l i zed  abso rp t ion  

coefficient.  To transform t h e  a c t u a l  d i s t r i b u t i o n s  of gas, 
p r e s s u r e ,  and temperature  a long  a beam t o  t h e  s a t e l l i t e  t o  t h e  
equivalent  "reduced path,  u*" i n  a homogeneous atmosphere f o r  
which va lues '  of TL are t a b u l a t e d ,  w e  used the equa t ion  

I 

where P = P r e s s u r e  
T = Temperature 
k = Exponent e x p r e s s i n g  the  degree t o  which p r e s s u r e  

I broadening and t h e  overlapping Of t h e  wings  of t h e  

i n d i v i d u a l  l i n e s  is considered 



u =  

S u b s c r i p t  

Actual path l e n g t h  of t h e  opt ical ly  a c t i v e  gas 
a long  a beam i n  t h e  d i r e c t i o n  of t h e  s a t e l l i t e  
ttS?t I n d i c a t e s  s t a n d a r d  c o n d i t i o n s  of p r e s s u r e  

(1013.25 mb) and temperature  (293%) for which 
t r ansmiss ion  data  are tabu1ate.d 

The d i s t r  but ion  f u n c t i o n  of water vapor which w e  would l i k e  to  
know is  t h e  specific humidi ty  q(h)  as a func t ion  of h e i g h t ,  h. 

The r e l a t i o n s h i p  b e w e e n  u and q(h) i n  d i f f e r e n t i a l  form is 
given  by 

where P(h) = P r e s s u r e  as a func t ion  of he ight  
T(h) = Temperature as a func t ion  of he ight  

Rd = G a s  c o n s t a n t  for  d r y  a i r  ( t h e  effect  of water 
vapor  on the atmospheric mean molecular  weight is 
cons idered  n e g l i g i b l e )  

8 = Zeni th  angle  of the beam i n  t h e  d i r e c t i o n  of the  
s a t e l l i t e  assuming a plane  - parallel  atmosphere 

h = Heigh t  above t h e  earth 

The i n t e g r a t i o n s  of equa t ions  (4 and 5 )  were carried o u t  on an 
e l e c t r o n i c  computer, and t h e  i n t e g r a t i o n s  of t h e  t r a n s f e r  
equa t ion  (3) were accomplished by means of Moller-type r a d i a t i o n  
charts [14]. 

Suppose t h a t  a c loud  sur face  n e a r  t h e  t ropopause radiates 
as a blackbody a t  a known ambient temperature;  consequent ly ,  Bo 
would be known i n  t h e  equat ion  

b 

.. --_ 
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where t h e  spectral s u b s c r i p t s  and t h e  i n t e g r a t i o n  over  t h e  
channel  response  f u n c t i o n  of equat ion  (3) are omitted for  
c l a r i t y .  F u r t h e r ,  suppose a measurement, N, i n  t h e  water vapor  
channel  is made a t  a known z e n i t h  ang le ,  8. It is imposs ib le  
w i t h  t he  informat ion  a t  hand t o  reclaim t h e  f u n c t i o n  T(u*) or ,  
by ex tens ion ,  t h e  desired func t ion  q(h) ;  one can only hope t o  
de termine  v a r i o u s  combinations of the  i n t e g r a l  and of T ~ ( U * )  

which w i l l  s a t i s f y  equa t ion  ( 6 )  for t h e  known v a l u e s  of Bo and 
of N. However, by assuming p l a u s i b l e  profiles of temperature ,  
p r e s s u r e ,  and water vapor, and, therefore, knowing from 
equa t ions  (4) and ( 5 )  t h e  f u n c t i o n a l  r e l a t i o n s h i p  u* = f [T(h ) ,  
P(h) ,  q (h) ,  cos 81, one should i n  p r i n c i p l e  be able t o  i n f e r  a t  
leas t  gross f e a t u r e s  about t h e  upper a i r  water vapor abundance 
over  t h e  storm c louds ,  v i z . ,  whether t h e  a i r  is  very w e t  or 
very dry .  I n  a t tempting t o  apply t h e  method i n  practice, one 
might expec t  t h a t  a measurement of Bo can be ob ta ined  from t h e  
window channel  2. The assumption t h a t  t h e  c loud  top radiates 
as a blackbody a t  i ts  ambient temperature is of c r i t i ca l  impor- 
tance and is d i scussed  f u r t h e r  i n  (d) below. Although of 
r e l a t i v e l y  s m a l l  effect  a t  high a l t i t u d e s ,  c o r r e c t i o n s  of t he  
order of 1°K due t o  abso rp t ion  by ozone, water vapor ,  and 
carbon d iox ide  could  theoretically be applied to  t h e  window 
channel  measurement [21]. 

i s t i cs  of t h e  water vapor and w i n d o w  channels  l i s t e d  i n  [18] 
were carried o u t  for normal inc idence ,  i n d i c a t i n g  t h a t  ATBB 

Rad ia t ive  transfer c a l c u l a t i o n s  for  t h e  response character- 
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v a l u e s  of about  LOOK would be expected for a s a t u r a t e d  strato- 
sphere over  c loud t o p s  a t  t h e  tropopause r a d i a t i n g  as black- 
bodies a t  ambient temperature ,  taking t h e  p r e s s u r e  dependence 
exponent k = 1 as given by Elsasser [ 6 ]  i n  equa t ion  (4). Speci- 
f i c a l l y ,  the t r o p i c a l  temperature  p r o f i l e  from t h e  Handbook of 
Geophysics [9]  w a s  used,  modified above 22 km by t h e  low 
l a t i t u d e  model proposed by Nordberg and St roud  [20] ,  and t h e  
water vapor c o n t e n t  up t o  21 km was assumed to  be s a t u r a t e d  w i t h  
r e s p e c t  t o  ice. Above 2 1  km, a c o n s t a n t  mixing ra t io  of 0.11 
gm kg of water vapor w a s  assumed. The tropopause temperature  
i n  t h i s  model w a s  193.2%, occur r ing  a t  16.8 km. 
were i n  e s s e n t i a l  agreement w i t h  p re l imina ry  c a l c u l a t i o n s  made 
i n  [3]. O f  cour se  for  a completely d r y  s t r a t o s p h e r e  t h e  
channel  1 TBB measurement would be e q u a l  t o  t h e  t ropopause 
tempera ture ,  1 9 3 . 2 9 ,  assuming t h a t  t h e  c loud  t o p s  a t  t h a t  l eve l  
radiate as blackbodies a t  ambient  temperature .  I n  gene ra l ,  
t h e  maximum c a l c u l a t e d  TBB of 10% decreases as e i the r  the  
stratospheric water vapor  c o n t e n t  decreases from s a t u r a t i o n  or  
as t h e  blackbody r a d i a t i n g  (cloud)  s u r f a c e  is lowered from t h e  
t ropopause.  
decreases as the  cloud t o p  i s  lowered toward i n c r e a s i n g l y  w a r m e r  - 

l a y e r s  u n t i l  i t  reaches zero. A f u r t h e r  lowering of t h e  c loud -' 

t o p  then  r e s u l t s  i n  t h e  channel  2 TBB va lue  once again resuming 
i ts  "normal" r e l a t i o n s h i p ,  i .e. ,  higher  than the  channel  1 TBB 
measurement. 

However, by no p l a u s i b l e  combination of c o n d i t i o n s  a o u l d  

These r e s u l t s  

For a given water vapor d i s t r i b u t i o n  t h e  ATBB 

w e  c a l c u l a t e  a TBB as large as the 26.50K (uncorrected)  of 
F i g u r e  16. A closer examination of t h e  measured v a l u e s  i n  both 
channe l s  1 and 2 indicates t h a t  w i t h  a p p l i c a b l e  corrections t h e  
measured maximum va lue  of ATBB = 26.5% can indeed be reduced t o  
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a v a l u e  comparable t o  t h e  10% requ i red  by t h e  theory.  
causes  for such a c o r r e c t i o n  are d i s c u s s e d  i n  i t e m  (a) below. 
However, t h i s  method has n o t  y e t  succeeded i n  p r a c t i c e  t o  y i e l d  
meaningful i n f e r e n c e s  of stratospheric water vapor c o n t e n t  due 
t o  a number of compl ica t ing  f a c t o r s .  Some of these factors 
have been r e s o l v e d ,  a t  least  i n  p a r t ,  b u t  others r e q u i r e  f u r -  
t h e r  work before t h e  method'can be s u b j e c t e d  t o  a v a l i d  test. 
We s h a l l  d i s c u s s  b r i e f l y  these factors below i n  i t e m s  (b) 
through (e ) .  

The 

(a) Er ro r s  i n  t h e  C a l i b r a t i o n  -- 
The c a l i b r a t i o n  must be a c c u r a t e  i n  abso lu t e  terms 

because of the  requirements  of determining a c c u r a t e l y  t h e  
e f fec t ive  rad ia t ing  he igh t  of the c loud  tops by means of channel  
2 and of de te rmining  a c c u r a t e l y  the s m a l l  d i f f e r e n c e ,  
betwee'n two re la t ive ly  large numbers. The estimated accuracy 
of t h e  experiment as determined by t h e  c a l i b r a t i o n  is +5% and 
- +4OK for  channels  1 and 2 respectively.  But any changes i n  
i n s t r u m e n t a l  response a f te r  the  o r i g i n a l  c a l i b r a t i o n ,  w h i l e  

they  may n o t  be of prime importance for  such a p p l i c a t i o n s  as 
t h e  contour  mapping of weather s y s t e m s  (cf.  F igu res  1-13), w i l l  
s e r i o u s l y  affect a p p l i c a t i o n s  of t h e  data where a b s o l u t e  
measurements are requ i r ed .  Like t h e  two solar rad ia t ion  
channels  d i s c u s s e d  above, t h e  response of each of t h e  i n f r a r e d  
r a d i a t i o n  channels  w a s  a lso observed t o  degrade as t i m e  passed. 
By observ ing  t h e  s t a b i l i t y  of t he  "space viewed (zero re fe rence )  '' 
l e v e l s  and by ana lyz ing  large masses of data s ta t i s t ica l ly  
u s i n g  the  ear th  i t s e l f  as a " c a l i b r a t i o n  target", i t  was possible 
t o  develop degrada t ion  models for each channel  and, hence, 
estimate c o r r e c t i o n s  as a func t ion  of t i m e .  These c o r r e c t i o n s  
attempt t o  restore t h e  te lemetered data t o  a b s o l u t e  measurements. 

ATBB, 

- 



It  is  emphasized, however, t h a t  t h e  c o r r e c t i o n s  are only 
s impl i f i ed  attempts a t  c o r r e c t i n g  a n p i r i c a l l y  for s e v e r a l  
complicated degrada t ion  mechanisms which are n o t  y e t  f u l l y  
understood. The estimated c o r r e c t i o n s  - addi t ive for  channel  
2 and s u b t r a c t i v e  for  channel  1 - 

- are shown beside t h e i r  respective calibrated equi- 
v a l e n t  blackbody tempera tures  i n  F igure  16. I t  is seen t h a t  
af ter  apply ing  these c o r r e c t i o n s ,  t he  TBB d i r e c t l y  over  t he  
h u r r i c a n e  i n  F igure  16 decreases from 26.5% to (223.5-8.5) - 
(197.0 f 3.7) = (215.0-200.7) = 14.3%. 

(b) Sys tem Noise 
The spectral  response of t h e  water vapor  channel  is 

t h e  narrowest  of a l l  t h e  i n f r a r e d  channels  and is s i t u a t e d  i n  
t h e  short  wavelength wings of t h e  Planck d i s t r i b u t i o n s  for  
tempera tures  observed i n  t h e  atmosphere. Hence, channel  1 
r e c e i v e s  less  r a d i a n t  energy.cthan channel  2 ,  and its ga in  must 
be s e t  much higher ,  t h u s  decreasing i ts  s igna l - to-noise  ra t io .  
T h i s  decreased s igna l - to-noise  r a t io  is s t r i k i n g l y  e v i d e n t  i n  
F igu re  16 where t h e  error bars i n d i c a t i n g  t h e  s t a n d a r d  d e v i a t i o n s ,  
u, are cons ide rab ly  larger for c h a n n e l  1 than for  channel 2. 
The s t a n d a r d  d e v i a t i o n s  were determined by examining t h e  

f l u c t u a t i o n s  of t h e  space viewed (zero r e f e r e n c e )  l e v e l s  of 
both channels  which i d e a l l y  should be zero. One hundred and 
twenty-six v a l u e s  i n  equa l  t i m e  i n t e r v a l s  were sampled i n  t h e  
space viewed p o r t i o n s  i n  8 consecut ive  s c a n s  over t h e  hur r icane  
and were s u b j e c t e d  t o  s ta t is t ical  a n a l y s i s .  The r e s u l t i n g  
s t a n d a r d  d e v i a t i o n s  were then  appl ied  t o  the  r a d i a t i o n  measure- 
ments over t h e  hur r icane .  Unfortunately,  t h e  n o i s e  l e v e l  O f  

t h e  data over t h e  hu r r i cane  w a s  greater by almost a factor of two 
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than  t h e  b e s t  q u a l i t y  d a t a  which have been ob ta ined  a t  o t h e r  
times i n  t h e  TIROS system. It w i l l  be shown t h a t  i f  cons idera-  
t i o n s  of i n s t r u m e n t a l  degrada t ion  and of reasonable s ta t i s t ica l  
f l u c t u a t i o n s  (noise)  are a p p l i e d  t o  channels  1 and 2, t h e  re- 
s u l t i n g  temperature d i f f e r e n c e  ATBB reduces t o  zero. For t h e  
deg rada t ion  correction, t h e  values  obtained i n  (a) above were 
used. Cons ider ing  noise,  channel  1 measurements were a r b i t r a r i l y  
reduced by 1.b and channel  2 measurements were i n c r e a s e d  by t h e  
same amount (Table 11). 
i n f e r  a n e a r l y  dry s t r a t o s p h e r e  (assuming a blackbody c loud  
s u r f a c e  a t  a h e i g h t  below t h e  tropopause cor responding  t o  206.3% 
and assuming t h a t  t h e  tropopause temperature  i s  lower, a s m a l l  
amount of water vapor would be r equ i r ed  i n  t h e  s t r a t o s p h e r e  to 
counteract any water vapor i n  the  region of t h e  t smpera ture  
m i n i m u m ) .  

A ATBB of zero r e s u l t e d  which would 

TABLE II 

A P o s s i b l e  Modification of an Extreme Value 
of TBB Consider ing Only  System Noise 

and Ins t rumen ta l  Degradation 

T~~ T~~ T~~ , 

(calibrated ( c a l i b r a t e d  STBB (Noise and 

a l t e r e d  by Corrected)  
1.1 0 

va lues )  1.1 o va lues  Degradation 

Channel 1: 223.5% * -4.8% 218.7OK -12.4OK 206.3% 
Channel 2: 197.0°K +5.0% 202. O°K +4.3OK 206.3OK 

. 26 . 5 0 K  16.7% 0  AT^^ 
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The a p p l i c a t i o n  of a va lue  of 1.10 i n  oppos i t e  d i r e c t i o n s  
t o  channels  1 and 2 though realist ic is rather a r b i t r a r y .  The 
magnitude of t h e  ATBB v a l u e s  over the  hu r r i cane  is, therefore, 
i n v e s t i g a t e d  f u r t h e r  s t a t i s t i ca l ly .  A scatter diagram of a l l  
pairs of TBB measurements having nad i r  a n g l e s  l e s s  than 40° 

(which corresponds t o  z e n i t h  angles  l ess  than  4 6 O )  w a s  p l o t t e d  
from a computer l i s t i n g  of t h e  e i g h t  swaths cen te red  over  the  
h u r r i c a n e  (F igure  17). A l i n e a r  r e g r e s s i o n  l i n e  w a s  f i t t e d  
by leas t  squa res  and boundaries  were drawn a t  a distance of 2 
s t a n d a r d  d e v i a t i o n s  (c f .  F igu re  16) i n  t h e  channel  1 TBB 
measurements above and below the r e g r e s s i o n  l i n e .  A shor t  
dashed l i n e  marks the  boundary along which t h e  TBB measurements 
of both channels  are equa l  (after making degrada t ion  correc- ' 

t i o n s ) .  F igu re  17 shows t h a t  even af ter  correcting for 
degrada t ion  and c o n s i d e r i n g  no i se ,  t he  l i n e a r  r e g r e s s i o n  l i n e  
between channel  1 and channel  2 temperatures  i n t e r s e c t s  t h e  
ATBB = 0 l i n e  a t  a va lue  (215.7) which i s  appreciably l a r g e r  
than the  assumed tropopause temperature.  Th i s  would still  imply  
a rather w e t  s t r a t o s p h e r e .  T h i s  conc lus ion ,  however, depends 
very c r i t i ca l ly  upon t h e  i n t e r s e c t i o n  between these two curves.  
.The n a t u r e  of t h e  scatter i n  Figure 17 and t h e  v a l i d i t y  of 
f i t t i n g  a l i n e a r  r e g r e s s i o n  l i n e  s h a l l ,  therefore, be examined 
i n  greater de ta i l .  

84% of a l l  p o i n t s  f a l l  w i t h i n  the 20 range shown by the  dashed 

l i n e s  w h i l e  theore t ica l ly  one would expec t  95% of a l l  p o i n t s  
t o  be w i t h i n  t h i s  range. This  imp l i e s  t h a t  a mechanism i n  

' 

A f u r t h e r  i n v e s t i g a t i o n  of F igure  17 i n d i c a t e s  t h a t  only 

a d d i t i o n  t o  t h e  system noise considered above, may c o n t r i b u t e  
t o  t h e  s c a t t e r i n g .  One such mechanism would be t h e  incongru i ty  
between t h e  f i e l d s  of view of channel l ' a n d  2 which w i l l  be 
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d i s c u s s e d  i n  (c) below. An add i t iona l  factor c o n t r i b u t i n g  t o  
t h e  scatter can be a t t r i b u t e d  to inhomogeneities i n  the 
in s t an taneous  i n t e n s i t y  f i e l d  viewed by t h e  s e n s o r s .  For 
example, if a channel  2 TBB measurement of 235OK r e s u l t e d  
from a h igh  cold cloud f i l l i n g  part and a w a r m  s u r f a c e  through 
clear sk ies  f i l l i n g  t h e  remainder of t h e  5O f i e l d  of view, t h e  

I 

co r responding  channel  1 TBB measurement would be lower than it 
would be i f  t h e  235OK channel  2 measurement r e s u l t e d  from a 
uniform cloud s u r f a c e  f i l l i n g  its f i e l d  of view. Another con- 
t r i b u t i n g  factor t o  t h e  scatter i n  F igu re  17 is l i m b  darkening  
as t h e  sensor n a d i r  a n g l e s  v a r i e d  from go t o  40°. 

l i m b  darkening  e f f e c t  w a s  c a l c u l a t e d  t o  be less than ~ O K .  
Another c o n t r i b u t i n g  factor t o  t h e  scatter i n  F igure  17 could  
be a d e p a r t u r e  from h o r i z o n t a l  water vapor s t r a t i f i c a t i o n  over . 

However, t h e  

t h e  area swept by t h e  scans .  Such d e p a r t u r e s  are t o  be expec ted  
i n  t h e  lower atmosphere, b u t  even high a l t i t u d e  water vapor 
has been observed t o  occur  i n  concen t r a t ion  c e n t e r s  [16]. A l l  
these factors m a k e  t h e  conclus ion  of a w e t  stratosphere based 
on F igure  17 rather t e n t a t i v e .  

(c) D i s p a r i t i e s  i n  t h e  Coordinat ion of Measurements by 
Two Channels 
I n  a t t empt ing  t o  co mpare t h e  measurements made by two 

-- - - 
- 

d i f f e r e n t  channels  over  a h igh ly  u n s t r a t i f i e d  r eg ion  such as 
t h a t  p re sen ted  by t h e  tops of storm c louds  (cf. F igure  161, any 
d i f f e r e n c e s  i n  t h e  t i m e  or s p a t i a l  response coord ina te s  of t h e  
measurements must be known, and c o r r e c t i o n s  for  them ( i f  indeed 
possible) should be made. I n  the  automatic  p rocess ing  of t h e  
r a d i a t i o n  data each channel  i n  a s e t  of "simultaneous" measure- 

' ments is a c t u a l l y  sampled 0.0025 seconds after its predecessor 
i n  numerical  order. However, a 0.0025 second sampling t i m e  
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d i s p a r i t y  between channel  1 and channel 2 is  n o t  a p p r e c i a b l e  
where i t  takes about  one sampling i n t e r v a l  of 0.1309 seconds 
for t h e  radiometer t o  rotate completely through one i n s t a n -  
taneous field-of-view. Of far greater importance is t h e  d i s -  

p a r i t y  which  may e x i s t  between the response f i e l d s  of t h e  two 
channe l s  (Figure 18) . Laboratory field-of-view measurements 
i n d i c a t e  t h a t ,  as a r e s u l t  of a s l i g h t  misalignment,  up t o  0.15 
of t h e  in s t an taneous  response f i e l d  of channel  1 may l i e  out- 
s i d e  t h e  response f i e l d  of channel  2 and v ice  v e r s a .  For 
example, i f  t h e  observed channel  1 TBB measurement a t  "A" i n  
F igu re  17 r e s u l t e d  from viewing an e q u i v a l e n t  blackbody t a r g e t  
of 216% (degradat ion corrected) by 0.85 of t h e  response f i e l d  
and an  e q u i v a l e n t  blackbody t a r g e t  of 233% by 0.15 of t h e  
response  f i e l d  due t o  re la t ive misalignment, t h e  measurement, 
b u t  fo r  t h e  misalignment,  would have been a t  the  t i p  of t h e  . 
arrow where the  remaining dev ia t ion  from 216% could  r e a d i l y  
be a t t r i b u t e d  t o  noise alone.  S imi l a r ly ,  i f  t h e  observed 
channel  2 TBB measurement a t  "B" i n  F igure  17 r e s u l t e d  solely 
from viewing an e q u i v a l e n t  blackbody t a r g e t  of 216% by 0.85 of 
t h e  response f i e l d  and an equ iva len t  blackbody target of' 283OK 
by 0.15 of t h e  response f i e l d  due t o  r e l a t i v e  misalignment,  t h e  

measurement, b u t  for t h e  misalignment, would have been a t  t h e  

t i p  of t h e  arrow, i n s i d e  the 20 noise boundary. Both of these 
examples i l l u s t r a t e  an a d d i t i o n a l  mechanism for exp la in ing  
t h e  scat ter  of measurement i n  Figure 17, and p o i n t  up an 
impor tan t  problem i n  a t t empt ing  to  compare measurements from 

, two d i f f e r e n t  channels. Unfortunately,  the  laboratory measure- 
ments  are n o t  s u f f i c i e n t  to  permit  correction for t h e  field-of- 

. 

- -  

. view d ispar i t ies  between t h e  two channels.  

. .  . .  
* c t  
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(d) Nonblackness - hf Clouds 
Thick c louds  have gene ra l ly  been assumed to  radiate 

as blackbodies i n  the  in f r a red  p a r t  of t h e  spectrum. To d e p a r t  
from t h i s  assumption would seve re ly  complicate many problems 
i n v o l v i n g  radiative processes i n  t h e  atmosphere and would r e q u i r e  
e x t e n s i v e  theoretical i n v e s t i g a t i o n s  of m u l t i p l e - s c a t t e r i n g  by 
large particles as w e l l  as concurren t  l a b o r a t o r y  and e m p i r i c a l  
i n v e s t i g a t i o n s  of the  problem. 
done i n  t h i s  area t o  date, b u t  s e v e r a l  sou rces  i n d i c a t e  t h a t  

R e l a t i v e l y  l i t t l e  work has been 

t h e  effective e m i s s i v i t y  of clouds may depart apprec i ab ly  from 
1 i n  t h e  i n f r a r e d  part of the  spectrum, e s p e c i a l l y  i n  t h e  window 
region [4,5,10]. Deirmendjian [ 5 ]  concludes t h a t  a considerable 
p o r t i o n  of t h e  i n c i d e n t  radiat ion i n  t h e  window reg ions  is 
scattered by clouds,  thereby  c o n t r i b u t i n g  t o  t h e  i n f r a r e d  sky 
background u s u a l l y  a t t r i b u t e d  t o  blackbody emission.  Consider 
a h y p o t h e t i c a l  TBB measurement by both channel  1 and channel  2 
of 208.7% (cf. F igure  17). I f  t he  e m i s s i v i t y  of t he  c loud  top 
were, s a y ,  0.80 i n  t h e  region 7.5-13.5 microns w h i l e  remaining 
u n i t y  i n  t h e  reg ion  5.9-6.7 microns,  t h e  channel  2 TBB measure- 
ment would correspond t o  a c l o u d  t o p  temperature  of about 215.7%. 
To i n f e r  upper a i r  water vapor con ten t  from such measurements 

s under t h e  assumption of blackbody c louds  would therefore be 
er roneous .  We have observed s e v e r a l  cases of temperature  
i n v e r s i o n s  over  high c louds  i n  middle l a t i t u d e s  where t h e  channel l" .  
TBB measurement is s t i l l  about  7OK higher  t h a n  t h e  channel 2 TBB 
measurement af ter  cons ide r ing  ( i n s o f a r  as p o s s i b l e )  t h e  effects 
of (a), (b) , and (c) above. The s t r a t o s p h e r i c  temperature  
p r o f i l e s  a t  those l a t i t u d e s  a r e  n e a r l y  isothermal and i n  fact  
decrease s l i g h t l y  above the tropopause to a h e i g h t  of about 20 km. 

. ,  

. .I r . 
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Thus t h e  role of stratospheric water vapor i n  i n c r e a s i n g  
t h e  channel  1 TBB measurements i n  these cases is r u l e d  o u t  -0 

i n  f a c t  t h e  d r ie r  t h e  s t r a t o s p h e r e  up t o  about  20 k m ,  t h e  
h igher  would be t h e  channel  1 TBB measurement. 

(e) Radiative Trans fe r  C a l c u l a t i o n s  
I n  o u r  i n i t i a l  c a l c u l a t i o n s  w e  used a va lue  of k = 1 

t o  account  fo r  t h e  p r e s s u r e  dependence of equat ion  (4) . 
ever, theory and obse rva t ion  are n o t  i n  complete accord i n  t h e  

matter of t h e  p r e s s u r e  dependence, and t h e r e  is some u n c e r t a i n t y  
as t o  t h e  a c t u a l  l a w  which should be used [14,13,11,22] e s p e c i a l l y  
a t  l o w  stratospheric p r e s s u r e s  and gas concen t r a t ions  which l i e  
o u t s i d e  t h e  laboratory c o n d i t i o n s  under which measurements are 
u s u a l l y  made. Elsasser [ 6 ]  gives k = 1 i n  equat ion  (4). How- 
e v e r ,  there i s  by no means u n i v e r s a l  agreement on t h e  va lue  of 
k. For example, Kondratiev [13] g ives  k = 0.5  and Howard, 
Burch and W i l l i a m s  [ll] g ive  k = 0.6 f o r  a "weak f i t "  and k = 
0.72 f o r  a "s t rong  f i t "  i n  t h e  6.3 micron water vapor band. 
va lue  of k is n o t  of great importance i f  most of t h e  abso rp t ion  
takes p l a c e  a t  r e l a t i v e l y  h i g h  p r e s s u r e s  i n  t h e  troposphere, 
b u t  i t  becomes of considerable importance i f  most of t h e  absorp- 
tion:,:takes place a t  stratospheric p r e s s u r e s  of less than 100 mb. 
For example, i n  t he  case descr ibed  above for  a s a t u r a t e d  
stratosphere a ATBB = 10% was,f:calculated u s i n g  k = 1. 
second calc-Jlation w a s  made under i d e n t i c a l  c o n d i t i o n s  of t e m -  
p e r a t u r e ,  p r e s s u r e ,  and water vapor,  b u t  u s i n g  k = 0 . 5 .  T h i s  
c a l c u l a t i o n  y ie lded  a ATBB = 23%. 

equa t ion  (4) i n  t h e  reg ion  under cons ide ra t ion .  Throughout ou r  
c a l c u l a t i o n s ,  w e  ignored t h e  temperature dependence Of t h e  
a b s o r p t i o n  l i n e  i n t e n s i t i e s  and assumed t h a t  atmospheric aerosols 

How- 

The 

A 

There is some doubt as to  t h e  v a l i d i t y  of u s i n g  t h e  r educ t ion  

I 
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played no par t  i n  t h e  t r a n s f e r  of r a d i a t i o n .  

such q u e s t i o n s  as t h e  t h e o r e t i c a l  a s p e c t s  of t h e  p r e s s u r e  and 
temperature  dependencies,  t h e  v a l i d i t y  of equa t ion  (4), t h e  

p o s s i b l e  roles of other absorbers, and t h e  ques t ion  of 
s c a t t e r i n g  by c louds  i n  t h e  infrared, w e  s h a l l  merely s ta te  
t h a t  a need for  a d d i t i o n a l  theoretical  as w e l l  as exper imenta l  
s t u d i e s  of r a d i a t i v e  t r a n s f e r  a t  h i g h  a l t i t u d e s  is indica ted  
before measurements i n  t h e  lower s t r a t o s p h e r e  of t h e  type  
d i s c u s s e d  above can be interpreted w i t h  confidence.  - 
7 .  Conclusions 

Without a t t empt ing  a t  t h i s  t i m e  t o  probe f u r t h e r  i n t o  

The r a d i a t i o n  maps.of Hurricane Anna show t h a t  a s e v e r e  
storm of t h i s  type s t a n d s  o u t  c l e a r l y  i n  a l l  three of the  
i n f r a r e d  channels ,  and ,  i n  the daytime, a l so  i n  the  two solar 
channels  of t h e  TIROS medium r e s o l u t i o n  radiometer. 
a b i l i t y  of t h e  window and solar channels  t o  track an i n t e n s e  
storm system t o  a good degree of accuracy is  demonstrated.  

measurements i n  t h e  window and water  vapor abso rp t ion  channels  
t o  i n f e r  s t r a t o s p h e r i c  water vapor c o n t e n t  shows tha t  t h e  pro- 

The 

A detailed q u a n t i t a t i v e  review of t h e  a b i l i t y  of comparative 

-posed  method does n o t  appear as promising as i t  d i d  i n i t i a l l y  
when the  method w a s  i n v e s t i g a t e d  q u a l i t a t i v e l y  [3] . Although 
t h e  p r i n c i p l e  of i n f e r r i n g  s t r a t o s p h e r i c  water vapor c o n t e n t  
over very  h i g h  c louds  remains v a l i d ,  meaningful inferences a t  
t h i s  t i m e  are prec luded  pending f u r t h e r  i n v e s t i g a t i o n s  and work 
i n  a t  least  f ive  areas of unce r t a in ty :  namely sys t ema t i c  errors 
due t o  degrgdat ion  of t h e  instnhunents d u r i n g  f l i g h t ,  random 
errors due t o  n o i s e  i n  t h e  telemetered s i g n a l s ,  i n c o n g r u i t i e s  
between t h e  response f i e l d s  of channels  1 and 2,  nonva l id i ty  of 
t h e  assumption of the  "blackness" of c louds  i n  the atmospheric  
window, and t h e  u n c e r t a i n t i e s  of r a d i a t i v e  transfer theory  
as i t  a p p l i e d  t o  our calculations. 



ACKNOWLEDGEMENTS 

We should l ike  to  express our thanks to  M r .  Robert Hite, 
Goddard Space F l i g h t  Center, who carried out the reduction of 
the radiation data on an IBM 7090 computer, and to  M r .  W i l l i a m  
Cal l icot t ,  Meteorological Sa te l l i t e  Laboratory, U. S. Weather 
Bureau, who devised the mercator mapping program used t o  pro- 
duce the maps shown i n  this paper. 



1. 

2. 

3. 

4, 

5 .  

- -  - 

6. 

7. 

REFERENCES 

Annual T r o p i c a l  Storm Repor t ,  1961, U. S. F l e e t  Weather 
F a c i l i t y ,  M i a m i ,  F l o r i d a .  OPNAV Report 3140-9. 

Bandeen, W. R., R. A. Hanel ,  John L i c h t ,  R. A. Stampfl ,  
and W. G. S t roud ,  " In f r a red  and Ref l ec t ed  S o l a r  Rad ia t ion  
Measurements from t h e  TIROS I1 Meteoro logica l  S a t e l l i t e ' f .  
J. Geophys. Res 65, 3169-3185, 1961. - -.' - 
Bandeen, W. R., B. J. Conra th ,  W. Nordberg, and H. P. 
Thompson, 1963, "A Radia t ion  V i e w  of Hurr icane Anna from 
the T I N S  I11 Meteoro logica l  Satell i te",  pp. 224-233 i n  
Proceedings of t h e  F i r s t  I n t e r n a t i o n a l  Symposium on Rocket 
m t m o m y ,  Washington, D. C., A p r n  23-25, 
m 2 ,  ed. by H. Wexler and J, E. Caskey, Jr., North-Holland 
P u b l i s h i n g  Company, Amsterdam. 

Deirmendjian,  D., " S c a t t e r i n g  and P o l a r i z a t i o n  P r o p e r t i e s  
of Polydispersed  Suspensions with P a r t i a l  Absorption". 
Paper p re sen ted  a t  I n t e r d i s c i p l i n a r y  Conference on Electro- 
magnetic S c a t t e r i n g ,  Potsdam, N. Y., August 1962, pub- 
l i s h e d  as memorandum RM-3228-PR, Con t rac t  No.  A F  49(638)- 
700, The Rand Corpora t ion ,  Santa  Monica, C a l i f . ,  J u l y  1962. 

Deirmendjian,  D., "Atmospheric E x t i n c t i o n  of I n f r a r e d  
Radiat ion".  Quar. J. R. Meteor. SOC 86 ,  371-381, 1962. - - -  -*' - 

I 

Elsasser, W. M., "Atmospheric Radia t ion  Tables". Meteor- 

August 19GU. 

F r i t z ,  Sigmund and Jay S. Winston, "Synoptic U s e  of 
Radia t ion  Measurements from S a t e l l i t e  TIR03: 11". Monthly 
Weather Review, 90, 1-9, 1962, 

o l o g i c a l  Monographs, Am. Meteor. SOC., V o l .  4 ,  No.  23 , 

- 



'I.L" I_ 

8. 

9. 

10  . 
-- 

11 . 

1 2  . 

13. 

14  . 
15 . 

16. 

REFERENCES (Continued) 

Hane l ,  R. A. and W. G. Stroud,  "The TIROS I1 Radiation 
Experiment". T e l l u s  - X I I I ,  484-488, 1961. 

Hanel ,  R. A. and D. Q. Wark, "TIROS I1 Radiation Experiment 
and Its Phys ica l  Significance". J. Opt. SOC. h e r .  51, - - - - -  
1394-1399, 1961. 

Handbook of Geophysics, (1960) Revised Ed i t ion ,  A i r  Research 
and Development Command, A i r ,  Force Research Divis ion ,  
Geophysics Research Directorate, The Macldillan Company, 
New York . 
Havard, J. B., "On t he  Radiat ional  C h a r a c t e r i s t i c s  of Water 
Clouds a t  In f r a red  Wave Lengths", Ph.D. Thesis ,  Univ. of 
Wash., 1960. 

Howard, J. N., D. L. Burch, and D. W i l l i a m s ,  " Infrared 
Transmission through Synthe t ic  Atmospheres". 
46, 242-245, 334-338, 1956 (Or "Near In f r a red  TraiEEission 
through Syn the t i c  Atmospheres". Geophysical Research 
Papers No. 40, AFCRC-TR-55-213, Geophysics Research Directorate, 
AFCRC, Bedford, Mass., Nov. 1955.) 

J. Opt. SOC. - Am., 

Kaplan, L. D., "On t he  Pressure Dependence of Radiat ive 
Heat Transfer  i n  t he  Atmosphere". - J. Meteor., - 9,  1-12, 1952. 

Kondratiev,  K. Y. and H. I. Mulisk, "Comparison of Radiation 
Char t s" .  Geof i s ica  Pura E.Applicata,  - 46,  231-240, 1960/11. -- 
Mb'ller, F., "Long Wave Radiation" i n  Compendium of 
Meteorology, e d i t e d  by Thomas F. Malone, Am . MetEr. SOC., 
Boston, 1% 1. 

Mb'ller, F r i t z ,  "Some Preliminary Eva lua t ions  of TIROS I1 
Radiat ion Measurements". Archiv f u r  Meteorologie, Geophysik 
und Bioklimatologie,  12, S e r i e s  B ~ o .  1, pp. 'I8 -94, 
r n Y T 6 Z  



~ 

I ' .  . "," 

REFERENCES (Continued) 

Murcray, D. G., F. H. Murcray, and W. J. W i l l i a m s ,  
"D i s t r ibu t ion  of Water Vapor i n  t h e  S t r a t o s p h e r e  as Deter- 
mined from I n f r a r e d  Absorption Measurements". J. Geophys. 
Research, 67, 759-766, 1962. 

- - 
Nordberg, W . ,  W. R. Bandeen, B. J. Conrath,  V. Kunde 
and I. Persano,  "Preliminary R e s u l t s  of Radia t ion  Measure- 
m e n t s  from t h e  TIROS I11 Meteorological  S a t e l l i t e " .  
J. A t m o s .  S c i  19, 20-30, 1962. - - - * , -  

S t a f f  members of t h e  Aeronomy and Meteorology D i v i s i o n ,  
Goddard Space F l i g h t  Center ,  "TIROS I11 Radia t ion  D a t a  
U s e r s '  Manual". Goddard Space F l i g h t  Center ,  NASA, 
Greenbel t ,  Maryland, August 1962, 17 pp. 

S t a f f  members of t h e  Aeronomy and Meteorology Div i s ion ,  
Goddard Space F l i g h t  Center ,  and of t h e  Meteorological 
S a t e l l i t e  Labora tory ,  U. S. Weather Bureau, "TIROS I f f  
Radia t ion  Data Catalog". . Goddard Space F l i g h t  Center ,  NASA, 
Greenbelt, Maryland, December 1962, 388 pp. 

S t roud ,  W. G. and W .  Nordberg, "Seasonal,  L a t i t u d i n a l ,  and 
Diurna l  V a r i a t i o n s  i n  t h e  Upper Atmospheres". NASA 
Technical  Note D-703, Goddard Space F l i g h t  Center ,  
Greenbel t  , Maryland , 1961. 

Wark, D. Q., G 
of E s t i m a t i n g  
Meteorological 
Sept .  1962. 

p .  Yamamoto, and J. H. Lienesch,  'Bethods 
I n f r a r e d  F lex  and Surf  ace Temperature from 

S a t e l l i t e s " .  J, A t m o s .  S c i  19, 369-384, - -., - 



FIGURES 

Figure 1 - Radiation map: channel 1 (5.9-6.7 microns), o rb i t  
132, 21 J u l y  1961; 1545 GMT - 1602 GMT. Hurricane 
Anna is centered near la t i tude 13.8*, longitude 
72.39. Original g r i d  scale: 2.5 degrees of longi- 
tude per mesh interval. 

Figure 2a- Radiation map: channel 2 (7.5-13.5 microns) . Original 

Figure 2b- Radiation map: channel 2 (7.5-13.5 microns) . Original 

Figure 3 - Radiation map: channel 3 (0.2-7.0 microns). Original 

Figure 4 - Radiation map: channel 4 (7.0-32.0 microns). Original 

grid scale: 2.5 degrees per mesh interval. (cf. Fig. 1) 

g r id  scale: 1.25 degrees per mesh interval.  (cf. Fig. 1) 

grid scale: 2.5 degrees per mesh i n t e r v a l .  (cf. Fig. 1) 

g r i d  scale: 2.5 degrees per mesh interval. (cf. Fig. 1) 

Figure 5 - Radiation map: channel 5 (0.5-0.75 microns). Original 
g r i d  scale: 2.5 degrees per mesh interval.  (cf. Fig. 1) 

Figure 6 - Composite radiation map: channel 2 (7.5-13.5 microns), 
orbi ts  89 and 90, 18 J u l y  1961. The incipient Hur- 
ricane Anna is centered near la t i tude 12.0%, longitude 
49.00W. Original g r i d  scale: 2.5 degrees of longitude 
per mesh interval.  

Figure 7 - Composite radiation map: charmel 5 (0.5-0.75 microns). 
(cf. Fig, 6) 

Figure 8 - Composite radiation map: channel 2 (7.5-13.5 microns), 
orbi ts  102, 103, and 104, 19 J u l y  1961. The incipient 
Hurricane Anna is  centered near la t i tude l l . O o N ,  longi- 
tude 58.0%. Original g r id  scale;: 2.5 degrees of 
longitude per mesh interval. 

(cf. Fig. 8 )  
Figure 9 - Composite radiation map: channel 5 (0.5-0.75 microns), 



F i g u r e  10 - Composite r a d i a t i o n  map: channel  2 (7.5-13.5 microns) ,  
o rb i t s  117 and 118, 20 Julyo1961. 
cen te red  n e a r  l a t i t u d e  11.5 N, l o n g i t u d e  65.59. 
O r i g i n a l  g r id  scale: 
mesh i n t e r v a l ,  

Hurr icane Anna is 

2.5 degrees of l o n g i t u d e  per 

F i g u r e  11 - Composite r a d i a t i o n  map: channel  5 (0.5-0.75 microns) .  
(cf. Fig. 10) 

F i g u r e  12 - Composite r a d i a t i o n  map: channel  2 (7.5-13.5 microns) ,  
o r b i t s  174 and 175,24 J u l y  1961. The d i s s i p a t i n g  
Hurr icane  Anna is c e n t e r e d  n e a r  l a t i t u d e  1 7 . 5 O N ,  l ong i -  
t ude  89.OOW. O r i g i n a l  g r id  scale: 2.5 degrees of 
l o n g i t u d e  p e r  mesh in t e rva l .  

F igu re  13 - Composite r a d i a t i o n  map: channel  5 (0.5-0.75 microns) .  
(cf. F ig .  12) 

: F i g u r e  14 - Telev i s ion  p i c t u r e  taken by TIROS 111, o r b i t  132, 2 1  
J u l y  1961, 1549:50 GMT. Hurricane Anna is t h e  uppe r .  
c loud  mass, cen te red  about  70 m i l e s  n o r t h  of t h e  
G u a j i r a  Pen insu la  of Colombia. The Colombian coast 
r u n s  h o r i z o n t a l l y  t o  the  w e s t  and j o i n s  Panama (nea r  
t h e  upper  l e f t  f i d u c i a l  mark) . 
cradled i n  t h e  upper  r ight-hand quadrant  of t h e  cen- 
t r a l  f i d u c i a l  cross. 

Lake Maracaibo is 

F i g u r e  15 - T e l e v i s i o n  p i c t u r e  taken by TIROS 111, o r b i t  132, 21 
J u l y  1961, 1552:20 GMT. The c loud  mass which is s o u t h  
of Hurr icane Anna i s  seen  a t  the  t o p  of t h e  p i c t u r e .  
The c e n t r a l  f i d u c i a l  cross is n e a r  t h e  headwaters of 
t h e  Orinoco River i n  sou the rn  Venezeula. The lower 
p o r t i o n  of t h e  photograph r e v e a l s  t h e  scattered-to- 
clear c o n d i t i o n  over  t he  Amazon r eg ion  of Brazil. 

F igu re  16 - Superimposed ana log  s i g n a l s  of t h e  5.9-6.7 micron 
water vapor channel  1 and t h e  7.5-13.5 micron window 
channel  2 from one swath over  Hurr icane Anna. Time 
i n c r e a s e s  t o  the  r i g h t  a l o n g  t h e  abscissa, ex tend ing  
6.446 seconds,  t h e  period of one s a t e l l i t e  r o t a t i o n .  
The o r d i n a t e s  show o r i g i n a l l y  calibrated e q u i v a l e n t  
blackbody temperatures ,  TBB, and estimated c o r r e c t i o n s ,  
STBB, t o  be a p p l i e d  d u r i n g  o r b i t  132 f o r ,  r e s p e c t i v e l y ,  
channel  2 on the  l e f t  and channel  1 on t h e  r i g h t .  The 
error bars, drawn where t h e  s e n s o r s  were look ing  
d i r e c t l y  over  t h e  h u r r i c a n e ,  i n d i c a t e  one s t a n d a r d  
d e v i a t i o n  of t h e  ana log  signals. 0.1309 seconds  is 
t h e  sampling period normally employed i n  au tomat ic  
data process ing .  



.. Figure  

F igu re  

17 - Scatter diagram of e q u i v a l e n t  blackbody tempera tures ,  
TBB, measured by c h a n n e l s  1 and 2 dur ing  e i g h t  s w a t h s  
over Hurr icane Anna.. Est imated corrected v a l u e s  of TBB 
are shown i n  parentheses  by t h e  o r i g i n a l l y  calibrated 
va lues .  On1 measurements having sensor nad i r  a n g l e s  
less than 40 are p l o t t e d .  The so l id  l i n e a r  regression 
l i n e  w a s  f i t t e d  by l e a s t  squa res .  The dashed bound- 
aries are d i sp laced  from t h e  r e g r e s s i o n  l i n e  by t h e  
e q u i v a l e n t  of two standard d e v i a t i o n s  (cf. F igure  16) 
i n  t he  channel  1 measurements. 

18 - Schematic of response f i e l d s  deduced from l a b o r a t o r y  
measurements, i l l u s t r a t i n g  t h e  r e l a t i v e  misalignment 
between channels  1 and 2. The response i n  any d i r e c t i o n  
is given i n  c y l i n d r i c a l  c o o r d i n a t e s  (8, cp, Z) where 8 
and cp are,. r e s p e c t i v e l y ,  t h e  radial  and t a n g e n t i a l  
d i rect ion ang les  and Z t h e  cor responding  response level .  
The sensor optical a x i s  is c o i n c i d e n t  w i t h  t h e  Z axis. 
The l a b o r a t o r y  measurements determine a response (2) 
for  t h e  incrementa l  s o l i d  ang le  i n  every d i r e c t i o n  
( 8 , ~ ) .  The loc i  of a l l  p o i n t s  p = p (0,p,Z) describe 
t h e  ' response f i e l d s  (or  "response s u r f  aces") . The 
r e l a t i v e  response l e v e l s  i n  two specific d i r e c t i o n s  
are i l l u s t r a t e d .  
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